Hydrocephalus shunt malfunction can-also in children-occur insidiously without clear symptoms of raised intracranial pressure (ICP) or changes in ventricular size, imposing a diagnostic challenge. Computerized shunt infusion studies enable quantitative shunt function assessment. We report on feasibility and results of this technique in children in a two center crosssectional study.
Value of computerized shunt infusion study in assessment of pediatric hydrocephalus shunt function-a two center cross-sectional study Introduction Accurate diagnosis of shunt malfunction is a clinical problem presenting many facets and challenges. Clinical presentation in children can involve clear symptomatology of raised intracranial pressure (ICP) [19, 22, 24, 37] . When symptoms are accompanied by ventricular enlargement, there is no question about the necessity of shunt revision. However, shunt malfunction can also present with disputable and less specific symptomatology and/or unchanged ventricles. Some children, although clinically not obviously affected, might not show the expected decrease of ventricular size and widening of external CSF spaces after shunt implantation, despite a low or lowered shunt-opening pressure [6, 18, 28] . Thus, there exist many dilemmas in everyday neurosurgical practice. When objectively testing, shunt puncture and snapshot pressure measurement is of little value in case of pressure compensated (normal pressure) shunt dysfunction (usually with chronic adaptations) or might be influenced by circumstances of measurement like agitated child. Radiographic studies looking a dye clearance are at best of qualitative nature and carry risks of radiation exposure in small children or induction of shunt obstruction by viscous radio-opaque dyes [6, 10, 13, 22, 24, 19, 35] . Moreover, in cases when the clearance is sluggish, because of low pressure at the time of measurement, false results may be achieved. It has been reported in the adult population that shunt testing in vivo allows management of patients effectively, without revising a properly functioning shunt (or one which just requires a setting change) [7, 10, 12, 13, 28, 31] .
Open shunt revision with intra-operative shunt testing is very invasive. Particularly, in the pediatric population, it has been demonstrated that multiple shunt revisions are a prognostic factor for worse cognitive development, further shunt revisions, and shunt dependency [2, 29, 32, 36] . In case of an intra-operative functioning shunt, an unnecessary procedure with significant risks of shunt infection had been undertaken. Even iatrogenic disruption of a functioning shunt can occur [36] .
On the other hand, observation instead of action can be an element of delay in treatment, or long-term neglect, especially in patients with complex postural over-drainage or intermittent obstruction [17, 25, 29, 32] .
Finally, from a financial point of view, the adverse events of infections, (unnecessary) multiple surgical revisions, and poor developmental outcomes can be translated to a significant waste of funds for national healthcare systems as well as significant burden to families and societies [2, 17, 23, 29, 32, 41, 42] .
Shunt testing in vivo using shunt infusion studies (SISs) has been implemented in clinical practice and reported in the literature for over 25 years [13, 21, 30, 31, 42] . It is an accurate and relatively low-invasive method to assess shunt function and detect over-drainage and underdrainage as well as proximal/distal blockage. Previous studies have shown the efficacy of SIS in the adult population with implanted ventricular-peritoneal shunts for hydrocephalus after subarachnoid hemorrhage or in normal pressure hydrocephalus [1, 4, 7, 11, 13] . The established safety of this technique allows it to be used in children.
This study investigates the value of SIS as a tool to support clinical decisions in the pediatric hydrocephalus population. We retrospectively analyzed SIS data performed in children in two centers with long-term experience in shunt infusion studies.
Patients and methods

Patient cohort
The presented study retrospectively included all pediatric patients aged under 16 years old that were submitted to a shunt infusion study (SIS) as part of the clinical routine workup for suspected shunt malfunction. The inclusion period encompassed January 2003 to August 2017, with the SISs being performed in either the Department of Neurosurgery Addenbrooke's Hospital in Cambridge (UK) or in the Department of Neurosurgery at the University Hospital of Tübingen (Germany). The retrospective data collection and analysis was approved by the institutional ethics review board of Tübingen (Ref. 160/2018BO2). From Cambridge Institution, no additional ethical approval was required, as SIS is a clinical tool that has been performed after clinical request. Before intervention, parents were informed about the procedure and possible related complications (e.g., infection) and gave a consent.
Selection criteria for SIS varied between consultants. In general, patients presenting with mild or subtle symptoms of shunt malfunction and incoherent imaging (ventricles unchanged or smaller) or contradictory findings of symptoms and imaging (like no change in symptoms but ventricles mildly increased or ventricles remained large despite significant opening of adjustable shunts) were usually selected for a SIS. Children with obvious clinical symptoms and signs of raised intracranial pressure and shunt malfunction-headaches, vomiting, epileptic seizures, papilledema, increasing macrocephaly-and/or radiological features (e.g., enlarged ventricles) were not included ( Fig. 1 ).
Sedation and anesthesia management
In Tübingen, children who are unable to cooperate with the procedure awake (below the age of 7-8 years or mentally impaired) received mild sedation with propofol (initial bolus of 2-4 mg/kg) at a rate of 1-4 mg/kg/h. Whenever feasible, studies were performed in awake children without any medication. Listening to music or audiobook was implemented for distraction and child well-being during the procedure.
In Cambridge, children that were uncooperative or had severe disabilities were studied under general anesthesia. Occasionally, mild sedation with chloral hydrate or nitrous oxide was given. In case it was feasible, children were studied fully conscious with play activities at the bedside.
SIS technique
The protocol for performing SIS has been previously described [12, 38] . The method is based on a continuous ICP measurement and infusion of a sterile mock CSF solution into the most proximal tap reservoir. The tap reservoir could be between ventricular catheter and valve (the most common situation) or be an independent reservoir access to the ventricular system (under rare circumstances of complicated hydrocephalus).
Both institutions performed SIS under the same operating standards. Before starting, a safe-checklist is performed, assuring patient's data (which at this point is inserted on the ICM+ software), medical indication, and consent from the parents. Thereafter, SIS starts, encompassing the following steps (see Fig. 2 ):
Under sterile conditions, manometer lines and transducers are carefully filled with Ringer's or Hartman solution.
1. After thorough skin disinfection, under aseptic conditions, a surgical drape with a hole is placed over the tapping reservoir ( Fig. 2a ). 2. Two hypodermic needles (gauge 25) are inserted into shunt pre-chamber ( Fig. 2a ), one for the infusion line connected to the infusion pump ( Fig. 2c ), the other for to the manometer line connected to a pressure transducer ( Fig. 2b ). 3. The pressure transducer (± pressure amplifier) is connected via an AD converter to a laptop computer running ICM+ software ( Fig. 2d ) Fig. 1 Flow diagram on the selection and categorization of pediatric patients' shunt infusion studies. Group A included patients who did not require revision and were still well on follow-up. Group B included patients whose shunt function appeared questionable and who required a shunt adjustment, but the shunt was not blocked in short-term follow-up or revision. Group C included patients who underwent revision soon after the infusion and the shunt was confirmed to be obstructed intraoperative 4. A baseline ICP recording of about 10 min is performed. 5. Thereafter, infusion starts at a rate of 1 ml/min or 1.5 ml/min 6. The ICP rise is observed on the monitor until a stable plateau is reached and maintained for about 10 min. Then, infusion is stopped and ICP decrease is observed for a few minutes before needles are removed.
During the entire SIS, children are clinically monitored by qualified medical staff that assure safeness of the procedure. No prophylactic antibiotics are administered for performing SIS.
Data collection and analysis with ICM+ software ICM+ software has been introduced into the Brain Physics Laboratory in Cambridge for more than 15 years [38, 39] . The hydrodynamic properties of all shunt systems tested (with a nonshortened distal catheter connected) are incorporated into the ICM+ software. The continuous database expansion of shunt systems tested in the Cambridge Laboratory allows the clinical assessment of shunt function of the great majority of the shunt devices used nowadays. For all shunt types tested in this study, hydrodynamic properties were known to the software. Thus, a critical shunt pressure (CSP) could be calculated, which-given a normal resistance of shunt and distal catheter-should not been surpassed at a given shunt infusion rate.
The ICP trace is recorded with a sampling frequency of 100 Hz and every 10 s, a mean value of ICP is calculated, which forms the basis for all further ICP-based calculations. After concluding SIS, the time of baseline and plateau ICP recording is manually defined, as well as the transition zone of rising ICP in between and finally the total time of infusion. The shunt valve and its pressure settings are selected and a "best-fit curve" is calculated (see Fig. 3 ). The software furthermore computes the following parameters: ICP and AMP at baseline and plateau, the critical shunt pressure (CSP), the outflow resistance of the whole system (R out ), and the elasticity (E) according to Marmarou model [5, 9, 27] .
We furthermore determined the so-called operating pressure of the individual shunt system according to its pressure setting (ICP op ) [14, 16] . The ICP op ± a tolerance zone of max 5 mmHg in adults (to compensate for influence of abdominal pressures) is the pressure range to which a functioning shunt should regulate the ICP at rest at a presumed CSF production rate of 0.3 ml/min. The difference of the recorded baseline ICP to the ICP op was determined (ΔICP op ).
The amount of ICP and AMP increase between baseline ICP and plateau ICP (ΔICP and ΔAMP) was calculated. The short duration of the SIS and strong non-linear influence of the shunt system does not allow for a reliable interpretation of elasticity/compliance values E and PVI [15] ; therefore, this parameter was not used for the purpose of the present study.
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Shunt function classification
The shunts were classified as functional when the infusion study appeared normal-with the ICP plateau being below the critical shunt pressure. An adjustment of the setting was required in some cases and it helped improve patient's symptoms (group A, see Fig. 3 ). Given the fact that the intra-abdominal pressure usually is in the range of max 5 mmHg, we took a cut-off of ≥ + 5 mmHg for the ICP plateau above the CSP to classify a shunt as obstructed or non-functional. Patients in which the SIS identified an obstructed shunt were all surgically revised (group C, see Fig. 4 ).
In case SIS showed an ICP plateau being ≤ 5 mmHg above the critical shunt pressure, the shunt function was classified as borderline. Taking all clinical and radiological information together, the responsible consultant decided on shunt revision or observation ± shunt adjustment (group B).
Follow-up
The clinical and radiological follow-up was performed according to clinical standards set by the responsible consultants in both institutions.
The subset of the children investigated with SIS in Tübingen were analyzed in detail regarding their radiological follow-up after SIS. Furthermore, all children received at least one clinical follow-up in outpatient clinics at 3-6 months after SIS according to the individual situation. In case of shunt revision, a MRI scan was usually obtained 6 months later. Clinical notes from the first two visits after SIS were analyzed according to a change in clinical status (unchanged, improved, and worsened). The ventricular size in the last imaging before SIS and the first thereafter was compared using Evans' index (EI) and fronto-occipital horn ratio (FOHR).
Statistical analysis
All data were processed using R version 3.3.3. We checked for normal distribution. Quantitative variables are presented as mean ± standard deviation. The Wilcoxon test was used to compare differences between the different groups and ROC and multiroc analysis was performed using the pROC package [33] .
Results
A total number of 203 SIS (164 in Cambridge and 39 in Tübingen) were performed in 166 children (see Fig. 1 for selection and categorization of SIS). At the time of the SIS, children's mean age was 8.6 ± 5 years (min 1 month; max 16 years) with 52% (n = 86) of the children being female and 48% (n = 80) male. In 23 children, 2 SISs were performed and ≥ 3 SISs were performed in 14 children. For detail on distribution of shunt valves according to each institution refer to Table 1 .
Functional shunts (group A)
In 136 (67%) SIS, the ICP plateau was below the critical shunt pressure (CSP) with a mean difference to critical shunt pressure (ΔCSP) of − 4.68 ± 4.07 mmHg and the shunt was rated as functional, also on follow-up. ICP baseline was close to the expected operating ICP (ICP op ); thus, ΔICP op (deviation of baseline to operating ICP) was small with − 1.15 ± 3.88 mmHg. ΔICP (the difference between ICP baseline and ICP plateau ) was 6.19 ± 3.35 mmHg.
Mean pulse amplitude of intracranial pressure waveform at baseline was 0.49 ± 0.39 mmHg. CSF outflow resistance was 4.42 ± 2.0 mmHg min/ml. Figure 3 illustrates a clinical case of a functional shunt with the respective curves obtained during SIS. 
Borderline shunts (group B)
Twenty-six (12.8%) SISs had borderline function with ICP plateau ≤ 5 mmHg above the critical shunt pressure, resulting in average ΔCSP of 3.73 ± 2.95 mmHg. ICP baseline was above that of group A and at the upper limits of the tolerance zone for ICP op ; thus, ΔICP op was 4.77 ± 3.87 mmHg. Both values were significantly different from group A (see Table 2 ).
ΔICP (ICP plateau minus ICP baseline ) was 8.69 ± 3.29 mmHg. AMP baseline was 0.68 ± 0.47 mmHg. Mean R out was 6.80 ± 2.67 mmHg min/ml. All parameters were significantly elevated compared with group A (see Table 2 ).
In this group, one child underwent shunt revision since the responsible consultant pediatric neurosurgeon decided on revision. In this case, the shunt was found not obstructed, and the child improved clinically on follow-up.
Obstructed/blocked shunts (group C)
Forty-two SIS (20.7%) were classified as obstructed with ICP plateau above CSP on average by 13.97 ± 9.49 mmHg (statistically significant greater than in groups A and B, see Table 2 ). ICP baseline was not different to group B, but significantly greater than in group A.
In rare cases of occlusion, there was no ICP plateau, as the pressure continued to rise in a linear fashion. In these cases, infusion was terminated whenever ICP crossed 35 mmHg and ICP plateau taken as 35 mmHg.
ICP baseline in this group was significantly above ICP op by average ΔICP op of 4.76 ± 5.82 mmHg, significantly elevated in comparison with group A, not B.
AMP plateau was 2.76 ± 2.04 mmHg. Increase in ICP during infusion was 18 ± 8 mmHg, and R out 14.82 ± 6.39 mmHg min/ ml. All values were significantly elevated compared with groups A and B (Table 2) .
In all children of this group, a shunt obstruction was found at surgical revision, either of the valve or the distal catheter, with replacement of the respective non-functional part. Figure 4 illustrates a case with non-functional shunt.
Using the cohort of functioning shunts (A) versus those of borderline and obstructed shunts (B and C), we calculated cut-off values for ΔICP, AMP plateau , and R out, that could, in addition to a ICP plateau −CSP of > 5 mmHg, predict shunt obstruction. These values are potentially independent of the knowledge of the physical characteristics of the individual shunt system. Cut-off values were determined using ROC analysis and were 11.74 mmHg, 1.25 mmHg, and 8.07 mmHg min/mL, respectively. Excellent discriminatory abilities with high statistic significance were found, see Figs. 5 and 6.
Supplementary Tübingen subgroup analysis
In Tübingen, 30 children with suspected asymptomatic or oligosymptomatic underdrainage were submitted to 39 SIS. Of those children, radiological follow-up data was analyzed in detail.
Clinical symptoms
All 16 children with functional shunts at 19 SIS remained stable or improved their neurological abilities according to their expected natural development during follow-up time, which was 33 ± 24 months. One child had SIS indicating Table 2 Results of cerebrospinal fluid dynamics as derived from the shunt infusion study in the 3 different groups. CSP, critical shunt pressure; R out , resistance to CSF outflow; ICP, intracranial pressure; AMP, fundamental amplitude of ICP; ΔICP, ICP plateau -ICP baseline; shunt obstruction at a later time point, after some new but inconclusive symptoms appeared. Two of 3 children following a borderline SIS improved clinically after shunt adjustment (lower opening pressures) within a short time, and the remaining child was clinically stable (SIS revealed low reserve/compliance).
Ten of the 14 children (71%) with obstructed shunts that all underwent shunt revision improved in their clinical condition and neurological development at 6 months in the perception of their parents and the impression of the pediatric neurologists, while the remaining 4 children remained unchanged according to their previous status.
Radiological features
Radiological follow-up by magnetic resonance imaging (MRI) was available in 37 of 39 SIS events (95%), within a mean follow-up of 37 ± 29 months after SIS.
In the functional group A, 10 out of 16 children (62%) had at last follow-up smaller and 5 unchanged ventricles (one child did not show for follow-up), with ΔFOHR and ΔEI (between last follow-up and pre-SIS) being 0.046 ± 0.08 and 0.037 ± 0.07 respectively. Changes were statistically significant comparing last MRI with before SIS.
The 14 children of group C were submitted to 17 SIS and respective surgical revision due to shunt obstruction (3 children had 2 obstructions at different time points). Nine of 14 (64%) showed on last MRI follow-up after last revision smaller ventricles, and 5 children (31%) presented with unchanged ventricles. The ΔFOHR was 0.049 ± 0.097, and ΔEI 0.043 ± 0.097. Ventricle changes within this group were statistically significant to last MRI before SIS.
All radiological features and respective statistical analysis are summarized in Table 3 .
Complications
In this series of patients, no complications related to the procedure were identified. In 0 of 166 SIS, a shunt infection was found within 3 months of the procedure. 
Discussion
Shunt dysfunction in children
Shunt malfunction in children can occur with clear symptomatology of raised intracranial pressure. In such a case plus some degree of enlargement of ventricular size, there is no question about the necessity of shunt revision. However, shunt dysfunction can also present with disputable and less specific symptoms and unchanged ventricles, or children with unchanged clinical status show mildly enlarging ventricles at unchanged shunt setting in routine imaging. Others, although clinically not obviously affected, might not show the expected decrease of ventricular size and widening of external CSF spaces after shunt implantation or revision, despite a low or lowered shunt-opening pressure. In these scenarios remains too much uncertainty to submit a child to surgery just on the basis of suspicion. This report shows that in case of suspected underdrainage, a SIS is the most precise, since quantitative, examination to answer the question of an underlying shunt malfunction.
Proximal catheter assessment prior to infusion
The patency of the proximal catheter is assessed by recording a normal ICP pressure wave form during baseline recording with a peak-to peak wave amplitude of at least 1 mmHg in infants. Peak-to-peak ICP amplitudes with a functioning shunt system are to be expected to be higher between 2 and 4 mmHg, which translates to an AMP value of approximately 0.5-1 mmHg. Absent or low peak-to-peak ICP amplitudes (< 1 mmHg) or AMP < 0.25-0.5 are highly suspicious of either partial proximal catheter obstruction or occlusion, especially if there is no immediate ICP increase on coughing or breath holding (or jugular compression in a sedated child). Alternatively, a wrong needle placement outside the tap reservoir has to be suspected and ruled out.
In all three groups, mean AMP baseline was accordingly above this threshold between 0.49 and 0.93 mmHg, proving open ventricular catheters.
In contrast to pumping, an amplitude determination provides an objective picture. It also has less risks than repetitive pumping, which may (rarely) produce acute intracranial hypotension, with all possible adverse consequences [37] .
Discrimination of valve and distal catheter function
As soon as the infusion is started, the whole system distal to the insertion point of the two needles is assessed as a whole. Any pathological resistance in the system will lead to an ICP plateau above the CSP. Therefore, SIS cannot differentiate between an obstruction within the valve or of the abdominal catheter, or in both. Consequently, both components have to be tested individually at surgical shunt revision with water column-based run-off tests.
Influence of shunt valves and indication for shunt infusion study
In this study, 10 different valve types were investigated. Infusion rates were performed at both 1 ml and 1.5 ml per min and all critical shunt pressures were according to values previously calculated in laboratory settings [12] . In Cambridge, there was a preference for Strata valves, which can have a Delta chamber for over-drainage protection. The clinical question leading to SIS has also been over-drainage in many cases, which can be answered by a sit-up test of the patient with the pressure monitoring still in place. In case of over-drainage, the ICP will not only initially and physiologically decrease due to the outflow of CSF into the spinal canal and accelerated blood outflow from the head, but also continue to fall over the next 20-30 min due to continuous accelerated CSF drainage through the shunt. The SIS however will Table 3 Results of ventricle measurements on MRI of the 3 different groups in subgroup analysis from Tübingen (N = 39). FOHR, frontal and occipital horn ratio; EI, Evan's index; Δ, follow-up measurements-pre-infusion measurements. p value, difference between pre-SIS and follow-up within group show normal values. In Tübingen, the clinical question had exclusively been underdrainge. This difference in indication explains the relatively larger proportion of functional shunts in the Cambridge population as compared with the Tübingen cohort (71% versus 49%) and the lower rate of shunt revision (15.2% versus 46%).
ICM+ software-based analysis
Clinical interpretation of all variables derived from SIS is an important aspect to make further use of the provided information than just looking at critical shunt pressure and its relation to the plateau pressure. ICP at baseline and plateau, AMP at baseline and plateau, and total R out allow the establishment of differential diagnoses in clinical overlapping entities [20] . Since a functioning shunt should maintain the ICP baseline around its opening pressure, we calculated in each patient the "expected ICP at baseline" according to the known shunt characteristics at a presumed normal CSF production rate of 0.3 ml/min, the so-called operating pressure or ICP op . To compensate for influence of the abdominal pressure (normally around 5 mmHg in non-obese children), we defined a corridor of ± 5 mmHg as the normal limits of ICP op in a functioning shunt. The mean ICP baseline in functional shunts was in the middle of this corridor, and borderline shunts and obstructed shunts were at the upper border of this 5-mmHg corridor. This indicates that shunts defined as "borderline" indeed seem to have some compromise in CSF drainage which leads to an increased ICP baseline in those patients.
Intracranial pulsatility, best expressed by AMP baseline , was lowest in the functional group, indicating that the intracranial compliance was normal and the intracranial compartment physiologically relaxed. In borderline shunts, there was a significant increase in AMP baseline with a further significant increase in obstructed shunts. This indicates that dysfunctional shunts with a higher resistance not only regulate the intracranial pressure at higher levels, but that there is in addition a significant decrease of intracranial compliance with increased intracranial pulsatility as a measurable physical hallmark of insidious shunt dysfunction. Notably, while ICP baseline and its difference from ICP op were not different between borderline and obstructed shunts, AMP baseline as a marker of compliance in the resting state was significantly higher in the obstructed shunts, indicating that compliance is more sensitive to insidious shunt underdrainage than pressure.
Further parameters and cutoffs to indicate shunt obstruction
This study includes many different shunt valves with different resistances and pressure settings at the time of testing. The software knowing the characteristics of the investigated shunt is therefore key for quantitated results. However, this study also identifies ΔICP, AMP plateau , and R out , as significantly different between functional and dysfunctional shunts and these parameters are independent of the knowledge of the shunt characteristics or the knowledge of the shunts operating pressure. For these parameters, cut-off values could be calculated which identified a shunt that is obstructed with high sensitivity and specificity (see Fig. 6 ). This means, if iΔICP, AMP plateau , a n d R o u t a r e a b o v e t h e i r t h r e s h o l d l e v e l s o f 11.74 mmHg,1.255 mmHg, and 8.07 mmHg min/mL, respectively, then there is a high possibility that the shunt belongs to the dysfunctional group according to the precise knowledgebased definition of being more than 5 mmHg above critical shunt pressure. This is of importance because it might allow a shunt to be tested with a much simpler shunt infusion technique, by just recording ICP and deriving, e.g., ΔICP and R out from the ICP trace without sophisticated software. Certainly, it has to been shown in further research that these thresholds calculated from 10 different types of valves are reliable for other shunts valves too, but for the moment, this might serve as a first indicator of shunt dysfunction. This might be helpful for neurosurgical services in health systems with a lower economic status that cannot afford computers and software, but still can measure and record ICP and thus can perform a simplified shunt infusion study. Further research is necessary to investigate if an extrapolation of these results has any meaning.
Tübingen subgroup analysis
All children in Tübingen (n = 30) underwent on 39 occasions, a SIS for suspicion of silent underdrainage or blockage. This means we investigated mildly or asymptomatic children with incongruence of imaging and clinical presentation. Shunt malfunctions of different degrees (group B borderline and group C obstructed) occurred in 51% of all SIS.
All of group C (14 of 30 children, 17 SIS) underwent shunt revision, and 10 of 14 (71%) improved clinically in the perceptions of parents and pediatricians; however, no objective assessment by a formal neuro-developmental testing was performed pre-and post-operatively. Therefore, we cannot prove that identification of a blocked shunt and re-installing a functional shunt did objectively change the clinical course of those patients. However, a non-functional shunt in a child with hydrocephalus makes little sense, even if it currently has no obvious symptoms of pressure active hydrocephalus.
Regarding the ventricular size, 9 of 14 children (64%) showed a significant decrease of ventricles after revision and this way exhibited the same behavior than those children with functional shunts, in whom 10 of 16 (62%) decreased in a comparable follow-up time with a mean of about 3 years. Therefore, from a neuroradiological point of view, a normalization of intracranial conditions could be achieved by shunt revision. In summary, this demonstrates that children with insidious or silent shunt malfunction that cannot be diagnosed without SIS have a radiological profit from the shunt revision and most likely in the long term also from the clinical point of view.
Clinical safeness
No complications related to the SIS were observed in this study, namely no infections. An internal audit performed between 2007 and 2009 (unpublished results) at the Department of Neurosurgery in Cambridge revealed a low rate < 1% of CSF infection following all SISs (including the more frequent SIS in adults) if care is taken during the entire procedure-in particular what concerns skin disinfection and filling of the manometer lines and transducer [42] .
This data demonstrates a much lower complications rate of SIS when compared with surgical shunt revision, where a shunt infection rate of 2-38% has been reported [18, 20, 40] . Given the extremely low infection rate of SIS in children (0% in this sample), this furthermore encourages the use of SIS in case of questionable shunt function as opposed to open surgical shunt testing. Finally, it could be shown that multiple shunt revisions not only relate to worse neurocognitive development in children, but represent an independent risk factor for further revisions as well [16, 17] .
Health economic advantages
It has been calculated that performing shunt function assessment through SIS in comparison with invasive surgical revision comports economic advantages [22] . The usual costs associated with operative shunt function assessment like cost of inpatient treatment for at least 1-3 days and operating room time clearly contrasts to the minimal costs for single-use material needed to perform a shunt infusion study in the context of an outpatient setting, even if a short-term sedation is required.
Alternative methods
Other methods of in vivo shunt function assessment involve radiographic dye clearance tests, thermo-dilution methods, or sonography-based detection of shunt flow [3, 8, 18, 26, 34, 43] . The main limitation of all of this methods is that the driving pressure is unknown as well as the resistance of a functioning shunt system and therefore all are qualitative tests and do only allow-at best-to detect a blocked shunt. A partially obstructed shunt with an increased internal resistance, as we found in the majority of all dysfunctional systems, however cannot be reliably identified with this mentioned methods. This is one reason among others why semi-quantitative methods have not made it into clinical routine of shunt work-up in the vast majority of neurosurgical units.
Limitations
One limitation of the present study is the retrospective character. The fact that the data were collected from two different centers does not allow a complete homogenization of inclusion criteria for performing the SIS, as this depends on standards of clinical practice implemented in each institution. This can be interpreted as selection bias, which might have led to a higher percentage of patients with functional shunts in Cambridge.
Regarding practical application, children that are not cooperative do need to be sedated or studied under general anesthesia. This certainly brings in some additional "invasiveness"; however, this still seems to be less invasive when compared with open shunt revision.
In order to be able to perform SIS, the department must acquire ICM+ software (Cambridge Enterprise Ltd) or built its own software tools and one or more members have to be trained with the technique-which has however a relatively fast learning curve. The economic benefits associated with SIS overwhelm rapidly the initial costs of the software.
Conclusions
Shunt infusion study is a feasible, elegant, and radiation-free technique for quantitative shunt assessment in children of all ages to rule out or prove insidious shunt malfunction. Since silent shunt dysfunction is nothing else but another form of compensated-not sufficiently treated-chronic hydrocephalus, with all possible consequences to the development of the child, SIS is an important tool for the pediatric neurosurgeon. It provides an assurance that children with hydrocephalus under care truly have functional shunts or revision is necessary. A clinical benefit accompanied by radiologic improvement is clearly demonstrated by the subgroup analysis of the Tübingen cohort.
Due to the clinical and inherent economic advantages, we postulate that SIS should become routine in neurosurgery units.
Before intervention, parents were informed about the procedure and possible related complications (e.g., infection) and gave a consent.
